Introduction
============

Alzheimer's disease (AD) is the most common form of dementia, with a prevalence of 46.8 million affected individuals worldwide, which is expected to reach 131.5 million by 2050.[@b1-dddt-13-459]--[@b4-dddt-13-459] AD is a neurodegenerative disease closely related to aging; it is characterized by neuritic senile plaque (SP), intraneuronal neurofibrillary tangles (NFTs), and neuronal death.[@b5-dddt-13-459],[@b6-dddt-13-459] Apoptosis-induced neuronal death and loss are important factors contributing to the progression of AD.[@b7-dddt-13-459] Previous studies have shown that neuroprotective agents such as nimodipine and hydergine can inhibit the occurrence of apoptosis and treat AD.[@b8-dddt-13-459],[@b9-dddt-13-459] These observations suggest that inhibiting apoptosis in neuronal cells may have a neuroprotective effect against AD.

The apoptosis of neurons in AD is influenced by multiple factors and was shown to be closely related to the MAPK pathway.[@b10-dddt-13-459],[@b11-dddt-13-459] MAPKs are serine--threonine kinases that are widely expressed in the central nervous system and mediate intracellular signaling related to a variety of cellular activities, including cell proliferation, differentiation, survival, death, and transformation.[@b12-dddt-13-459] The mammalian MAPK family consists of p38 MAPK, ERK, and c-Jun NH2-terminal kinase (JNK; also known as stress-activated protein kinase).[@b13-dddt-13-459] Both p38 and JNK pathways mainly induce apoptosis,[@b14-dddt-13-459] whereas the ERK pathway is mainly involved in the promotion of cell survival.[@b15-dddt-13-459] The p38 signaling pathway is involved in inflammatory reactions and apoptosis processes under conditions of oxidative stress.[@b16-dddt-13-459] Studies on neural and nonneuronal cells have shown that p38 can regulate apoptosis through multiple mechanisms, including phosphorylation of p53,[@b17-dddt-13-459] activation of c-JUN and c-fos,[@b18-dddt-13-459] induction of Bax transposition,[@b19-dddt-13-459] participation in Fas--FasL-mediated apoptosis,[@b20-dddt-13-459] enhanced expression of c-myc,[@b21-dddt-13-459] and activation of caspase-3.[@b19-dddt-13-459] In addition, p38 MAPK can enhance the expression of TNF-α, which in turn activates p38 to induce apoptosis.[@b22-dddt-13-459] ERK participates in cell activation and migration and plays an important role in synaptic plasticity and memory in vivo.[@b23-dddt-13-459] It was also reported that amyloid β (Aβ) could induce JNK activation and cell death.[@b24-dddt-13-459] Therefore, compartment-specific targeting of MAPKs to inhibit apoptosis may provide promising new therapeutic avenues for the treatment of AD.

\*Qingxin Kaiqiao Fang (QKF), a well-known classic Chinese herbal prescription for dementia, is based on a formulation named Fumanjian from the medical book *Jingyue Quanshu* written by Zhang Jingyue during the Ming Dynasty.[@b25-dddt-13-459] QKF consists of 10 Chinese herbs: Radix Rehmanniae, Radix Ophiopogonis, Radix Paeoniae, Herba Dendrobii, Cortex Moutan Radicis, Poria Cocos, Pericarpium Citri Reticulatae, Rhizoma Anemarrhenae, Rhizoma Acori Tatarinowii, and Sophorae Flavescentis.[@b26-dddt-13-459] It has been used clinically for 20 years to alleviate dementia, depression, and anxiety, and its curative effect was shown to be stable, especially for the early symptoms.[@b26-dddt-13-459] QKF can significantly improve cognitive impairment as well as behavioral and mental symptoms in patients. Our previous study showed that QKF improved learning and memory in a rat model of AD and decreased apoptosis in the hippocampal region by significantly reducing the levels of Bax and cleaved caspase-3, while upregulating the level of Bcl-2 in the hippocampus.[@b25-dddt-13-459] Therefore, QKF has potential for the treatment of AD. However, the pathological mechanism underlying the apoptosis-inhibiting effect of QKF has yet to be clarified.

Owing to the close relationship of QKF with apoptosis in AD, the present study was performed to investigate the effects of QKF on the MAPK pathway and to further verify the protective effect of QKF against MAPK-mediated apoptosis. Moreover, to accurately reflect the pathological features of AD, an amyloid precursor protein/presenilin 1 (APP/PS1) double transgenic mouse model was used in this study.

Materials and methods
=====================

Animals
-------

Specific pathogen-free (SPF) male APP/PS1 transgenic mice, 3 months old, weighing 25±2 g were purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China; certification number SCXK 2014-0004). Three-month-old male C57BL/6J mice were purchased from Shanghai Slack Laboratory Animal Co., Ltd. (Shanghai, China; certification number SCXK 2012-0002). Mice were reared in the Wenzhou Medical University Laboratory Animal Center, which is a qualified facility meeting clean experimental animal feeding standards. Mice were housed under controlled conditions of 23°C under a 12-hour light/dark cycle and were given free access to food and water. All animal experiments were performed in accordance with the ethical requirements approved by the Chinese Association of Accreditation of Laboratory Animal Care.

Preparation of QKF aqueous extract
----------------------------------

QKF is composed of 10 Chinese herbal medicines: Radix Rehmanniae Recens, which consists of unprocessed rehmannia root (Sheng di huang) and dried roots of Radix Rehmanniae Recens; Radix Ophiopogoni, comprising dwarf lilyturf tuber (Maidong) and dried roots of Ophiopogon japonicus; Radix Paeoniae Alba, containing debark peony root (Baishao) and dried roots of Paeonia lactiflora Pall.; Rhizoma Acori Tatarinowii, which consists of grassleaf sweetflag rhizome (Shi chang pu) and dried roots of Acorus Tatarinowii Schott; Herba Dendrobii, which contains Dendrobium (Shihu) and dried roots of Dendrobium officinale Kimura et Migo.; Cortex Moutan Radicis, containing tree peony root bark (Mu Dan Pi) and dried root barks of *Paeonia suffruticosa* Andr.; (G) Poria; Indian bread (Fuling) and dried sclerotia of Poria cocos (Schw.) Wolf; Pericarpium Citri Reticulatae, containing dried tangerine peel (Chenpi) and dried fruit peel of Citrus reticulata Blanco; Radix Sophorae Flavescentis (Kucen), containing dried roots of Sophora flavescens Ait; and Rhizoma Anemarrhenae, which comprises common anemarrhena rhizome (zhimu) and dried roots of Anemarrhena asphodeloides Bge., in a ratio of 2:2:2:2:2:2:2:1:1.5:1.5 on a dry-weight basis, as recorded in the *Chinese Pharmacopeia*. All herbal ingredients were provided by the Second Affiliated Hospital of Wenzhou Medical University and verified by the Department of Chinese Materia Medica of Wenzhou Medical University. Before decocting, the herbs were immersed in 10 times volume of distilled water for 30 minutes. After decoction for 2 hours, they were extracted twice, filtered with clean gauze, and concentrated, and the raw herbs were made into a 1 g⋅mL^−1^ stock solution, which was stored at 4°C until use.

Reagents and antibodies
-----------------------

Aβ immunohistochemistry kit and DAB staining kit were purchased from Bioss (Beijing, China), and DAB reagent kit was obtained from Zymed (San Diego, CA, USA). Nissl staining solution was purchased from Beyotime (Shanghai, China; C0117). Polyclonal rabbit anti-mouse Bcl-2, Bax, and caspase-3 antibodies were purchased from Wuhan Boster Biological Engineering Co., Ltd. (Wuhan, China; A00040-2, A00183, and PB9188, respectively). Primary antibodies against ERK1/2, p-ERK1/2, p38 MAPK, and p-p38 MAPK were purchased from Cell Signaling Technology (Beverly, MA, USA; \#4695, \#4370, \#8690, and \#4511, respectively). Primary antibody against GAPDH was purchased from Biogot Technology (Shanghai, China; AP0063). Primary antibodies against JNK and p-JNK were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA; sc-7345 and sc-6254, respectively). Primary antibody against Aβ1-42 was purchased from Abcam (Cambridge, UK; ab201060;). Horseradish peroxidase (HRP)-conjugated IgG secondary antibody was purchased from Santa Cruz Biotechnology Inc. An inhibitor of ERK1/2, PD98059, was purchased from Santa Cruz Biotechnology Inc. (sc-3532). The p38 MAPK agonist 11α-methanoepoxy prostaglandin F2α (U46619) was purchased from Santa Cruz Biotechnology Inc. (sc-201242). The ECL Plus Reagent kit was purchased from Perkin-Elmer Inc. (Waltham, MA, USA). The Cleaved Caspase-3 ELISA kit was purchased from Boster Biological Technology, Ltd (Wuhan, China).

Animal groups and treatment
---------------------------

Eighty APP/PS1 double transgenic mice were divided into eight groups according to a random number table: model group (n=10), high-dose (19 g⋅kg^−1^⋅d^−1^) QKF group (H-QKF; n=10), middle-dose (9.5 g⋅kg^−1^⋅d^−1^) QKF group (M-QKF; n=10), low-dose (4.75 g⋅kg^−1^⋅d^−1^) QKF group (L-QKF; n=10), M-QKF+saline group (n=10), M-QKF+U46619 group (n=10), M-QKF+dimethyl sulfoxide (DMSO) group (n=10), and M-QKF+PD98059 group (n=10). In addition, 10 C57BL/6J mice were used as controls. Intragastric administration was given in a volume of 20 mL⋅kg^−1^⋅d^−1^; the high-dose, medium-dose, and low-dose groups received QKF at doses of 19, 9.5, and 4.75 g⋅kg^−1^⋅d^−1^, respectively. The control group and model group were given the same volume of normal saline. Each group was treated once a day at 10:00 am for a period of 12 weeks. After anesthesia with an intraperitoneal injection of 0.3% pentobarbital, the mice were given an intraventricular injection using a stereotactic apparatus (Kopf Instruments, Tujunga, CA, USA). Taking the former fontanel as the origin, the injection was given 0.5 mm to the rear and 1.0 mm to the right, with an injection depth of 2.0 mm. The injection speed was 2 µL⋅min^−1^. U46619 (2 µg⋅kg^−1^) and the same concentration of physiological saline were injected in the M-QKF+U46619 group and M-QKF+saline group, respectively, every other week. PD98059 was dissolved in DMSO and prepared into mother liquor at a concentration of 10 mmol⋅L^−1^. The mice in the M-QKF+PD98059 group were injected with PD98059 at a dose of 0.3 mg⋅kg^−1^ via the tail vein every other week. Mice in the M-QKF+DMSO group received an injection of the same concentration of DMSO at the same time.

Morris water maze (MWM)
-----------------------

Spatial learning memory ability was assessed by the MWM test, which consists of orientation navigation and spatial probe tests. To ensure objective results of the experiment, the test was conducted by two investigators completely blinded to the treatment of the animals. The MWM consists of a circular tank (90 cm in diameter) filled with water at 21°C±2°C with a hidden platform (4.5 cm in diameter) positioned 1--2 cm below the opaque water in the middle of the third quadrant. The orientation navigation tests were performed for 4 days, four times a day, at 30-minute intervals. Each time, the mice were randomly placed in the water at four entry points, facing the wall of the pool. The camera lens above the pool was connected to a computer, and the swimming trajectory of each mouse was recorded and analyzed by a SLY-WMS MWM analysis system (version 2.1; Beijing Sunny Instruments Co. Ltd.; Beijing, China). After finding the hidden platform, the mice were allowed to stay on the platform for 15 seconds. If the mice could not find the platform within 60 seconds, the escape latency (ie, the time needed to find the hidden platform) was recorded as 60 seconds, and the mice were then guided to the platform, where they were allowed to remain for 15 seconds. The spatial probe test was carried out 24 hours after the last orientation navigation test. Investigators removed the platform, placed the mice into the pool, and allowed them to swim freely for 60 seconds. The times for the mice to cross to the original location of the platform were recorded.

Hippocampus collection
----------------------

At the end of the experiment, the mice were anesthetized with 10% chloral hydrate. In order to conduct different experiments, we divided mice in each group into two parts and each group contained five mice. Random number tables were used in the allocation process. To extract protein from tissues, a part of mice in each group was perfused and quickly decapitated after anesthesia, and the hippocampi were stripped, placed in cryopreservation tubes, and stored at −80°C. To fix tissues and make sections for staining and observation, another part of mice in each group was perfused with 4% paraformaldehyde, and the brains were removed quickly and placed in 4% paraformaldehyde. The tissues were placed in 4% paraformaldehyde fixative for 24 hours and then dehydrated by passage through a graded ethanol series at room temperature. Tissues were then made transparent with xylene, embedded in paraffin, and cut into 5 µm thick sections.

H&E stain
---------

Mouse brains were first fixed in 4% paraformaldehyde for 24 hours and embedded in paraffin wax for transverse sectioning. Sections 4 µm thick were prepared and mounted on poly-[l]{.smallcaps}-lysine-coated slides for H&E stain. The number of microvessels per unit area (/mm^2^) was determined using a light microscope (×400 magnification; Olympus Corporation, Tokyo, Japan) to assess mean microvascular density. Six random fields of three random sections from each tissue specimen were measured.

Nissl staining
--------------

The normal paraffin-embedded hippocampi of mice were cut into 4 mm thick sections. After dewaxing and rehydration, the sections were stained for 30 minutes at 60°C with Nissl staining solution. Sections were then subjected to dehydration with anhydrous ethanol, made transparent with xylene, and sealed with neutral gum. The morphology was observed, and images were obtained using a light microscope.

Transmission electron microscopic observation
---------------------------------------------

After the behavior study, the heart was perfused, and the hippocampi were collected. The hippocampi were placed in 3% glutaraldehyde fixative and stored at 4°C. Tissues were cut into pieces of \~1 mm^3^, placed in 2.5% glutaraldehyde fixative, and fixed for 2 hours at 4°C. The tissues were rinsed in 0.1 mol⋅L^−1^ PBS for 30 minutes, immobilized with 1% osmium tetroxide at 4°C for 2 hours, rinsed with 0.1 mol⋅L^−1^ PBS for 10 minutes, dehydrated through a graded ethanol series, and stained with 70% ethanol--uranium peroxide acetate block staining for 2 hours. Sections were photographed using the light microscope and then serially cut into 1--2 µm semi-thin sections with a Leica ultramicrotome (EM UC7; Leica Microsystems, Wetzlar, Germany). Selected semi-thin sections were sliced into serial ultrathin sections with a silver--gray interference color, corresponding to a thickness of \~50--70 nm. The ultrathin sections were collected on formvar-coated, single-slot grids and stained with uranyl acetate and lead citrate. Neurons in the hippocampal CA1 region were observed and photographed using a transmission electron microscope (Tecnai Spirit BioTWIN; FEI, Blackwood, NJ, USA).

TUNEL staining
--------------

Neuronal apoptosis in the hippocampal CA1 region was assessed by TUNEL staining using an in situ cell death detection kit (Roche China, Shanghai, China) according to the manufacturer's recommendations. In each animal, six sections were used for quantitative analysis. TUNEL-positive neurons in the hippocampus were observed using a Nikon fluorescence microscope. The number of viable TUNEL-positive neurons in the hippocampus was automatically counted in a predefined area under a high-power magnification (×400).

Immunohistochemistry
--------------------

Six sections of mouse brain from each group were deparaffinized in xylene and rehydrated through a graded ethanol series. After washing, the sections were blocked with 3% (v/v) H~2~O~2~ and treated with 10.2 mM sodium citrate buffer for 20 minutes at 95°C. After blocking with 10% (w/v) BSA in PBS for 10 minutes, the sections were incubated with an antibody against Aβ overnight at 4°C in accordance with the manufacturer's instructions. Finally, the sections were incubated with HRP-conjugated secondary antibody and counterstained with hematoxylin. The CA1 area of the hippocampus was imaged at ×40 magnification using a DP2-TWAN image acquisition system (Olympus Corporation). Images were analyzed using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA) for integral absorbance quantification of Aβ; each sample was observed at five random fields in the CA1 area of the hippocampus.

Western blot (WB)
-----------------

Hippocampal samples of APP/PS1 transgenic mice and C57BL/6 mice were dissected and stored at −80°C before WB analysis. Five samples in each group were processed by extracting proteins with lysis buffer. Protein concentrations were calculated using the bicinchoninic acid assay assay. Proteins were separated by 10% PAGE and subsequently transferred onto polyvinylidene difluoride (PVDF) membranes (Roche Applied Science, Indianapolis, IN, USA). After blocking with 5% (w/v) BSA for 2 hours at room temperature, the membranes were incubated overnight with the following primary antibodies (1:1,000) at 4°C: ERK1/2, p-ERK1/2, JNK, p-JNK, p38 MAPK, p-p38 MAPK, Bcl-2, Bax, caspase-3, Aβ1-42, and GAPDH. The membranes were then incubated with goat anti-rabbit or goat anti-mouse secondary antibody as appropriate for 2 hours at room temperature. Immunoreactive proteins were visualized using the ECL Plus Reagent kit. Finally, the band intensity was quantified using Image Laboratory 3.0 software (Bio-Rad Laboratories Inc., Hercules, CA, USA).

ELISA for cleaved caspase-3
---------------------------

The hippocampal tissues were homogenized in cooled PBS and subjected to repeated freezing and thawing in liquid nitrogen. The homogenate was centrifuged at 10,000*g* for 10 minutes at 4°C. The supernatant was used for ELISA. The levels of cleaved caspase-3 in the hippocampal tissues and culture medium were determined using commercial ELISA kits according to the manufacture's protocols (Wuhan Boster Biological Technology, Ltd., Wuhan, China). The quantification of cleaved caspase-3 levels was obtained by a microplate reader at 550 nm with correction wavelength at 450 nm. Data were analyzed by GraphPad Prism software.

Statistical analyses
--------------------

All data were processed using SPSS 25.0 (IBM Corporation, Armonk, NY, USA), and results are expressed as the mean±standard error of the mean (SEM). The data from the five groups were compared using the independent-samples *t*-test and one-way ANOVA. Pairwise comparisons were performed using the least significant difference test for homogeneous variance. In all analyses, *P*\<0.05 was taken to indicate statistical significance.

Ethics statement
----------------

All surgical procedures, treatments, and postoperative care were performed with the permission of Wenzhou Medical University Ethical Committee and strictly conformed to the International Health and Medical Research Guidelines for Animal Welfare.

Results
=======

QKF ameliorated learning and memory deficits in AD model mice
-------------------------------------------------------------

The MWM, an important method for measuring spatial learning and memory ability in mice, is widely used in the study of AD. Compared with the control group, the double transgenic mice searched for the hidden platform in a random manner. The QKF-treated groups preferentially performed a selective search for the platform and had a shorter search path than did the model group. At a dose of 9.5 g⋅kg^−1^⋅d^−1^, the M-QKF group performed better than the groups receiving other doses of QKF ([Figure 1A](#f1-dddt-13-459){ref-type="fig"}). There were no significant differences in escape latency among groups on the first and second days of training. However, significant differences were observed on subsequent days of training. On the third and fourth days, the escape latency of the model group was significantly prolonged compared with that of the control group (*P*\<0.01; [Figure 1B](#f1-dddt-13-459){ref-type="fig"}). A significant decrease in escape latency was observed in the M-QKF group compared with that in the model group (*P*\<0.05 on the third day and *P*\<0.01 on the fourth day). Moreover, on the third and fourth days, the escape latency of the L-QKF group was not significantly different from that of the control group (*P*=0.396 and *P*=0.104, respectively) but that of the H-QKF group was significantly different from the control group on the fourth day (*P*=0.017; [Figure 1C](#f1-dddt-13-459){ref-type="fig"}). These data suggested improvement in spatial memory of QKF-treated AD mice from the model groups.

In the probe test, although the total path length was similar to that of the vehicle controls, the model group mice swam randomly throughout the tank, indicating poor memory retention of the location of the platform. However, the QKF-treated APP/PS1 double transgenic mice used a spatially biased search strategy to locate the platform, indicating good memory retention ([Figure 1D](#f1-dddt-13-459){ref-type="fig"}). Furthermore, we calculated the number of times the mice crossed the platform location and the percentage of target quadrant search time, both of which indicated memory retention of the location where the hidden platform had previously been. The control group had a significantly higher number of platform crossings and a greater target quadrant search time compared with the model group (*P*\<0.01 and *P*\<0.05, respectively). Compared with the model group, the M-QKF group showed a higher number of platform crossings (*P*=0.021). Furthermore, M-QKF mice spent more time in the target quadrant compared with the mice in the model group in the probe test (*P*=0.034). However, there were no significant differences between the L-QKF or H-QKF groups relative to the model group in platform location crossings or the percentage of target quadrant search time ([Figure 1E and F](#f1-dddt-13-459){ref-type="fig"}). The results indicated that the middle dose of QKF improved learning and memory capability, thus preventing cognitive deficits in APP/PS1 double transgenic mice.

QKF alleviated pathological degeneration in the brains of APP/PS1 mice
----------------------------------------------------------------------

The hippocampal region CA1 in the mice from each group was stained with H&E ([Figure 2A](#f2-dddt-13-459){ref-type="fig"}). Compared with the model group, the control group showed greater numbers of neurons and a higher degree of order in the hippocampal CA1 area. Neuronal cell density was higher in the QKF-treated groups, especially group M-QKF, compared to the control group. The Nissl body is the main site where neurons synthesize proteins, and it plays an important role in neuron excitation and conduction. Nissl staining was carried out for histological observation in the CA1 region of the hippocampus. As shown in [Figure 2B](#f2-dddt-13-459){ref-type="fig"}, Nissl bodies disappeared in hippocampal neurons of the model group, some cells were swollen and disrupted, and the arrangement of cells was disordered. After QKF treatment, the degree of Nissl body loss was reduced, and the swelling and disordered arrangement of cells were partially alleviated, especially in the M-QKF group.

Immunohistochemical staining was performed to further determine Aβ-positive granules in the hippocampal CA1 area. As shown in [Figure 2C and D](#f2-dddt-13-459){ref-type="fig"}, the number of Aβ-positive areas was greater in the model group than that in the control group (*P*\<0.01). The Aβ OD levels of the QKF treatment groups were significantly decreased compared with those of the model group (*P*\<0.01). Among the three doses of QKF, the middle dose resulted in the greatest decrease in Aβ, which was significantly greater than those in the high-dose and low-dose groups (*P*\<0.01). WB indicated significantly higher Aβ1-42 protein levels in the hippocampus of the model group mice compared to those in the hippocampus of the control group (*P*\<0.01). The Aβ1-42 protein expression levels in the QKF groups were significantly decreased compared to those in the model group (*P*\<0.05; [Figure 2E and F](#f2-dddt-13-459){ref-type="fig"}). Among the three doses of QKF, the M-QKF dose resulted in the greatest decrease, which was significantly greater than those in the H-QKF group and the L-QKF group (*P*\<0.01).

On transmission electron microscopy, the neurons in the CA1 area of the hippocampus in the control group showed complete ultrastructure and well-developed Golgi complex. The neurons showed abundant mitochondria in the cytoplasm, and the mitochondria were round, oval, or rod shaped with complete cristae. In the model group, neurons in the hippocampus showed severe degenerative changes, including decreased rough endoplasmic reticulum, swelling and dilatation of the Golgi complex, reduced number, and blurred or vacuolated cristae of mitochondria. The ultrastructure of neurons in the QKF groups was improved to varying degrees, and the M-QKF group showed the greatest degree of improvement among the dose groups ([Figure 2G](#f2-dddt-13-459){ref-type="fig"}). These observations indicated that QKF, especially at the middle dose, significantly reduced the pathological degeneration associated with AD and improved the histopathological and morphological changes in APP/PS1 mice.

QKF alleviates neuronal apoptosis in the hippocampus of APP/PS1 mice
--------------------------------------------------------------------

The abovementioned results indicated that the medium dose of QKF (M-QKF) had the greatest protective effect against learning and memory degeneration and neuronal apoptosis in the mouse model of AD. Therefore, M-QKF was used in subsequent experiments to examine neuronal apoptosis. Apoptotic cells on TUNEL staining were brown, the nuclei were stained blue, and the background was pale blue ([Figure 3A](#f3-dddt-13-459){ref-type="fig"}). The number of positive cells in the selected visual field was counted by the positive cell counting method, and the final value was presented as the ratio of the number of positive cells to total cells. The results indicated that the model group showed a significantly increased number of apoptotic cells in the hippocampus compared with the control group (*P*\<0.01). The M-QKF group showed a significant decrease in apoptotic cell number compared with the model group (*P*\<0.01; [Figure 3B](#f3-dddt-13-459){ref-type="fig"}). As shown in [Figure 3C--F](#f3-dddt-13-459){ref-type="fig"}, compared with the control group, the Bax and caspase-3 protein levels were markedly increased in the model group (*P*\<0.01), and the levels of Bcl-2 protein were significantly decreased (*P*\<0.01). The protein levels of Bax and caspase-3 were significantly decreased, and the protein levels of Bcl-2 were markedly increased after treatment with QKF at a dose of 9.5 mg⋅kg^−1^⋅day^−1^ (*P*\<0.01). Levels of cleaved caspase-3 by ELISA showed a significant decrease after M-QKF treatment (*P*\<0.01; [Figure 3G](#f3-dddt-13-459){ref-type="fig"}). Therefore, QKF treatment at the middle dose reduced neuronal apoptosis by significantly decreasing the levels of Bax and cleaved caspase-3, while upregulating the level of Bcl-2 in the hippocampus of APP/ PS1 mice.

Effects of QKF on the MAPK pathway
----------------------------------

The mammalian MAPK family consists of ERK1/2, JNK, and p38 MAPK. Therefore, we examined the effects of QKF on the MAPK pathway by measuring their protein expression in the mouse hippocampi. WB analysis was performed to detect ERK, JNK, and p38 MAPK expression and their phosphorylation indices. [Figure 4A](#f4-dddt-13-459){ref-type="fig"} shows ERK1/2 phosphorylation and total ERK1/2 protein in the mouse hippocampi. Compared with the control group, the protein levels of p-ERK1/2 were significantly decreased in the model group (*P*\<0.01). After 3 months of M-QKF treatment, the protein level of p-ERK1/2 was significantly increased (*P*\<0.01; [Figure 4C](#f4-dddt-13-459){ref-type="fig"}). Total ERK1/2 was not significantly different among the groups ([Figure 4B](#f4-dddt-13-459){ref-type="fig"}). [Figure 4D](#f4-dddt-13-459){ref-type="fig"} shows JNK1 and JNK2 phosphorylation and total JNK1 and JNK2 protein levels in the mouse hippocampus ([Figure 4D](#f4-dddt-13-459){ref-type="fig"}). The protein levels of JNK1 were significantly decreased in the model and M-QKF groups compared with that in the control group (*P*\<0.01; [Figure 4E](#f4-dddt-13-459){ref-type="fig"}). The same trend was observed in the protein expression of p-JNK1 (*P*\<0.01; [Figure 4F](#f4-dddt-13-459){ref-type="fig"}). The total JNK2 protein level in the model group was lower than that in the control group (*P*=0.02; [Figure 4G](#f4-dddt-13-459){ref-type="fig"}), and there was no significant improvement after M-QKF treatment (*P*=0.728). The p-JNK2 protein expression level in the model group was lower than that in the control group (*P*\<0.01), but there was no significant improvement in the M-QKF group (*P*=0.574; [Figure 4H](#f4-dddt-13-459){ref-type="fig"}). As shown in [Figure 4I](#f4-dddt-13-459){ref-type="fig"}, although there were no significant differences in total p38 MAPK among groups ([Figure 4J](#f4-dddt-13-459){ref-type="fig"}), the levels of p-p38 MAPK protein expression in the model group was significantly higher than those in the control group (*P*\<0.01). After M-QKF treatment, the protein levels of p-p38 MAPK were significantly decreased (*P*\<0.01; [Figure 4K](#f4-dddt-13-459){ref-type="fig"}). These observations indicated that M-QKF acted on the MAPK pathway by inhibiting p38 MAPK and activating ERK1/2 but had no significant effect on JNK.

M-QKF alleviated neuronal apoptosis by acting on ERK1/2
-------------------------------------------------------

To further determine whether the antiapoptotic effect of QKF on neurons is mediated by activation of ERK1/2, we added the ERK1/2 inhibitor PD98059 to M-QKF treatment. As shown in [Figure 5A](#f5-dddt-13-459){ref-type="fig"}, the M-QKF+PD98059 group exhibited a more disorganized and longer search path compared with the M-QKF+DMSO group in the navigation tests with the hidden platform. On the third and fourth days of training, the escape latency of the M-QKF+PD98059 group was significantly longer than that of the M-QKF+DMSO group (*P*\<0.05; [Figure 5C and D](#f5-dddt-13-459){ref-type="fig"}). [Figure 5B](#f5-dddt-13-459){ref-type="fig"} shows the representative paths in the probe tests without the hidden platform. The locations of mice in the M-QKF+DMSO group were more concentrated, which confirmed that the M-QKF+DMSO group had a better platform exploration strategy and better spatial memory ability than the M-QKF+PD98059 group. These observations suggested that there were fewer platform location crossings and a lower percentage of target quadrant search time in the M-QKF+PD98059 group than in the M-QKF+DMSO group (*P*\<0.05; [Figure 5E and F](#f5-dddt-13-459){ref-type="fig"}). As shown in [Figure 5G](#f5-dddt-13-459){ref-type="fig"}, compared to the M-QKF+DMSO group, the expression levels of Bax and caspase-3 protein in the M-QKF+PD98059 group were higher (*P*\<0.01; [Figure 5I](#f5-dddt-13-459){ref-type="fig"}). The ELISA assay also showed that the M-QKF+PD98059 group had a higher level of cleaved caspase-3 than the M-QKF+DMSO group (*P*\<0.01; [Figure 5K](#f5-dddt-13-459){ref-type="fig"}). The level of Bcl-2 expression was lower in the M-QKF+PD98059 than in the M-QKF group (*P*\<0.01; [Figure 5I](#f5-dddt-13-459){ref-type="fig"}). As shown in [Figure 5H](#f5-dddt-13-459){ref-type="fig"}, M-QKF+PD98059 treatment was associated with a lower level of p-ERK1/2 compared with the M-QKF+DMSO treatment (*P*\<0.01; [Figure 5J](#f5-dddt-13-459){ref-type="fig"}). These results indicated that M-QKF inhibited neuronal apoptosis by activating ERK1/2.

M-QKF alleviated neuronal apoptosis by inhibiting p38 MAPK
----------------------------------------------------------

Activation of p38 MAPK activity by U46619 was used to assess whether the antiapoptotic effect of QKF on neurons was mediated by inhibition of p38 MAPK. In the MWM navigation test, the M-QKF+U46619 group exhibited a disordered trajectory and a longer search path than did the M-QKF group ([Figure 6A](#f6-dddt-13-459){ref-type="fig"}). A significant decrease in escape latency was observed in the M-QKF+saline group compared with the M-QKF+U46619 group on the third and fourth days of training (*P*\<0.05; [Figure 6C and D](#f6-dddt-13-459){ref-type="fig"}). The locations of mice in the M-QKF+saline group were more concentrated in the probe tests ([Figure 6B](#f6-dddt-13-459){ref-type="fig"}). The data showed fewer platform location crossings and a lower percentage of target quadrant search time in the M-QKF+U46619 group than in the M-QKF+saline group (*P*\<0.05; [Figure 6E and F](#f6-dddt-13-459){ref-type="fig"}). Compared with the M-QKF+saline group, the M-QKF+U46619 group showed a higher expression of Bax and caspase-3 protein and a lower expression of Bcl-2 (*P*\<0.01; [Figure 6G and H](#f6-dddt-13-459){ref-type="fig"}). The level of cleaved caspase-3 by ELISA is higher in the M-QKF+U46619 group. Treatment with M-QKF+U46619 was associated with a higher level of p-p38 MAPK protein expression compared with that in the M-QKF+saline group (*P*\<0.01; [Figure 6I and J](#f6-dddt-13-459){ref-type="fig"}). These results indicate that M-QKF inhibited neuronal apoptosis by inhibiting p38 MAPK.

Discussion
==========

AD is a devastating age-related neurodegenerative disorder that is the most common cause of dementia worldwide.[@b2-dddt-13-459]--[@b4-dddt-13-459] According to the amyloid hypothesis, the deposition of aggregated Aβ in brain areas involved in cognitive function is assumed to initiate a pathological cascade resulting in neuronal dysfunction and death in AD.[@b27-dddt-13-459],[@b28-dddt-13-459] Neuronal apoptosis, an essential cellular process and a major pathway for neuronal death, plays an important role in neurodegeneration in AD. Our previous study showed that QKF, a classic Chinese herbal formula based on the well-known decoction Fumanjian, significantly improves learning and memory in rats with Aβ1-40 insult and exhibits antiapoptotic effects, suggesting that QKF has therapeutic potential for AD.[@b29-dddt-13-459] However, the mechanism by which QKF inhibits the apoptosis of AD neurons remains unknown. Therefore, the present study was performed to examine whether QKF-induced inhibition of neuronal apoptosis is mediated by MAPK signaling pathways in APP/PS1 double transgenic mice. Our results indicated that QKF, especially the middle dose of 9.5 g⋅kg^−1^⋅d^−1^, could alleviate the progression of AD by inhibiting neuronal apoptosis and then inhibiting pathological degeneration in AD mice. Furthermore, the effects of QKF on ERK1/2 and p38 MAPK pathway mediated apoptosis. AD is a specific form of dementia in elderly people that is characterized by cognitive impairment, gradual memory loss, and deterioration of language skills.[@b30-dddt-13-459] Available data suggest that Aβ, derived from APP, is a crucial initial factor that triggers a complex pathological cascade resulting in AD.[@b31-dddt-13-459] The accumulation of Aβ can induce neuronal apoptosis, which plays a pivotal role in the pathogenesis of AD.[@b7-dddt-13-459],[@b32-dddt-13-459] Inhibition of neuronal apoptosis is often seen as a target for the development of novel drugs for AD, such as donepezil, memantine, and rivastigmine.[@b33-dddt-13-459] The conditions underlying the induction of apoptosis, including serum starvation, ROS, nitric oxide (NO), UV and γ irradiation, glucocorticoid, and Bax overexpression, are major factors underlying the redistribution of cytochrome c (cyt c) from the intermembrane space of the mitochondria to the cytoplasm. The Bcl-2 family of proteins tightly regulates the release of cyt c. The family is composed of a wide variety of antiapoptotic proteins, including Bcl-2, and proapoptotic proteins, including Bax. The general balance between anti-apoptotic and proapoptotic proteins determines the activation of intrinsic apoptotic signals involving mitochondria. Caspase-9 is an important factor in the development of the mammalian nervous system and is the main initiator caspase in the intrinsic apoptotic pathway involving mitochondria. When these upstream caspases are activated, they trigger the cleavage of downstream effector caspases such as caspase-3, which can cleave cytoskeletal and nuclear proteins to induce apoptosis. Caspase-3 is the effector caspase and final executor of apoptosis. In the present study, the WB results showed that QKF enhanced the expression of Bcl-2 and decreased the expression of Bax and caspase-3 in the hippocampus of AD model mice. Moreover, TUNEL staining, which is used to label the 3′-OH terminal produced in the nuclear DNA of apoptotic cells in situ, showed decreased neuronal apoptosis after QKF treatment. Therefore, QKF showed beneficial effects in AD mice by inhibiting neuronal apoptosis. Interestingly, among the three dosages of QKF examined, the middle dose, 9.5 g⋅kg^−1^⋅d^−1^, showed the greatest treatment effect. A high dosage of QKF did not produce more excellent protective effects probably because it has as-yet-undetermined toxic side effects; therefore, further studies are required. Furthermore, traditional Chinese medicine prescription is a complex system, and different components coordinate with each other. Among the three dosages of QKF, the coordination effect of middle dosage of QKF reaches the best level in ameliorating memory impairment and inhibiting apoptosis, so we considered that middle dosage is the most appropriate dosage. This is also based on the classical theory of Chinese medicine, which suggests that exceeding the limit is as bad as falling short.

The MAPK pathway is closely related to neuron apoptosis in AD.[@b12-dddt-13-459],[@b34-dddt-13-459] MAPKs are serine/threonine protein kinases that participate in intracellular signaling during proliferation, differentiation, cellular stress responses, and apoptosis.[@b12-dddt-13-459] Activation of MAPKs, including ERK1/2, p38 MAPK, and JNK, has been implicated in numerous cellular activities, including cell proliferation, differentiation, death, survival, and transformation. Some previous studies showed that p38 MAPK inhibitors can suppress caspase-3-like activity and partially inhibit cellular apoptosis.[@b35-dddt-13-459] Activation of the ERK1/2 pathway has been shown to reverse learning and memory impairment in AD due to the engagement of survival mechanisms.[@b36-dddt-13-459] In addition, some studies showed that phosphorylation of JNK inactivates Bcl-2 and increases the activities of caspase-3 and caspase-8.[@b34-dddt-13-459],[@b37-dddt-13-459] Our results demonstrate that enhanced hippocampal caspase activation is associated with phosphorylation of ERK1/2 and p38 MAPK, reinforcing the correlation of the MAPK pathway and neuronal apoptosis and its importance in the pathogenesis of AD. Treatment with QKF enhanced the phosphorylation of ERK1/2, as well as downregulation of p38 MAPK phosphorylation, which suppresses the activation of apoptotic responses. Its neuroprotective effect has a potential therapeutic effect on AD. In the present study, the results of WB analysis indicated that QKF treatment reduced p38 MAPK phosphorylation and increased ERK1/2 phosphorylation. Further studies of the activation of p38 MAPK by U46619 indicated that the antiapoptotic effect of QKF on neurons was accomplished by inhibition of the p38 MAPK pathway. Similarly, using ERK1/2 inhibitors, M-QKF was shown to inhibit neuronal apoptosis by inhibiting ERK1/2. This suggests that QKF inhibits AD apoptosis through the p38 MAPK and ERK1/2 pathways. However, the WB results also showed that M-QKF had a negative effect on the JNK pathway. This suggests that the inhibitory effect of M-QKF on apoptosis is not mediated through the JNK pathway.

Furthermore, measuring the serum and cerebrospinal fluid concentrations of QKF at time points after intragastric administration when steady-state levels are expected to be reached confirms that physiologically relevant levels were administered. To activate ERK1/2 and inhibit p38 MAPK more specifically, adeno-associated virus-induced ERK1/2 and p38 MAPK regulation should be applied in further studies during QKF treatment of AD. In order to improve the quality control of Chinese herbal compound and verify the identity, we will do deeper study to detect QKF in the future.

Conclusion
==========

QKF, especially the middle dose of 9.5 g⋅kg^−1^⋅d^−1^, may alleviate the progression of AD-like symptoms by inhibiting neuronal apoptosis and reduce pathological degeneration in APP/PS1 double transgenic AD mice, including decreased numbers and disorder of neuronal cells, decreased numbers of mitochondria, and blurred or vacuolated cristae structures, to alleviate the progression of AD. The QKF-induced inhibition of apoptosis is regulated by the ERK1/2 and p38 MAPK pathways.
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![QKF ameliorate learning and memory capability of model mice.\
**Notes:** (**A**) Representative path tracking in the navigation tests with hidden platform. (**B**) Average latencies curve of four trials per day in the four consecutive days. (**C**) Quantified and analyzed escape latency of each group. (**D**) Representative path tracking in the probe tests without hidden platform. (**E**) The average times that the mice crossed platform location in 60 seconds. (**F**) The percentage of searching time that the mice of individual groups spent in the target quadrant. Values are expressed as mean±SEM, n=10 per group. Significant differences between groups are indicated as \**P*\<0.05 and \*\**P*\<0.01. L-QKF, low-dose QKF group; M-QKF, middle-dose QKF group; H-QKF, high-dose QKF group.\
**Abbreviations:** QKF, qingxin kaiqiao fang; SEM, standard error of the mean; WT, wild type.](dddt-13-459Fig1){#f1-dddt-13-459}

![QKF alleviate pathological degeneration in the brain of APP/PS1 mice.\
**Notes:** (**A**) Nissl staining in CA1 region of the hippocampus (original magnification, ×400; scan bar, 20 µm). (**B**) Nissl staining in CA1 region of the hippocampus (original magnification, ×400; scan bar, 20 µm). (**C**) Immunohistochemistry for Aβ expression in the CA1 region of the hippocampus for each group (original magnification, ×400; scan bar, 20 µm). (**D**) Analysis of Aβ deposition levels by immunohistochemical staining. Values are expressed as the mean±SEM, n=30 per group. Significant differences between groups are indicated as \**P*\<0.05 and \*\**P*\<0.01. (**E**) WB for Aβ1-42 expression in the hippocampus of mice. (**F**) ODs indicative of Aβ1-42 protein expression. Values are expressed as mean±SEM, n=5 per group. Significant differences between groups are indicated as \**P*\<0.05 and \*\**P*\<0.01. (**G**) Ultrastructural observation of the CA1 area in the hippocampus of mice in each group using a transmission electron microscope (original magnification, ×18,500; scan bar, 2 µm). L-QKF, low-dose QKF group; M-QKF, middle-dose QKF group; H-QKF, high-dose QKF group.\
**Abbreviations:** QKF, qingxin kaiqiao fang; Aβ, amyloid β; SEM, standard error of the mean; WB, Western blot.](dddt-13-459Fig2){#f2-dddt-13-459}

![QKF alleviate neuronal apoptosis in the hippocampus of APP/PS1 mice.\
**Notes:** (**A**) TUNEL staining in the hippocampal CA1 area of each group of mice (original magnification, ×400). (**B**) Statistical analysis results of TUNEL staining. (**C**) Protein expression of Bax, Bcl-2, and Caspase-3 in the hippocampus. (**D**) ODs indicative of Bax protein expression. (**E**) ODs indicative of Bcl-2 protein expression. (**F**) ODs indicative of caspase-3 protein expression. OD values of Bax, Bcl-2, and caspase-3 expression in each group were quantified and analyzed from the WB results. (**G**) Levels of cleaved caspase-3 in mice brain were determined by an ELISA assay. Values are expressed as mean±SEM, n=5 per group. Significant differences between two groups are indicated as \*\**P*\<0.01. M-QKF, middle-dose QKF group.\
**Abbreviations:** QKF, qingxin kaiqiao fang; WB, Western blot; SEM, standard error of the mean.](dddt-13-459Fig3){#f3-dddt-13-459}

![The effects of QKF on MAPK pathway.\
**Notes:** (**A**) Protein expression of p-ERK1/2 and ERK1/2 in the hippocampus. (**B**) ODs indicative of ERK1/2 protein expression. (**C**) ODs indicative of p-ERK1/2 protein expression. (**D**) Protein expression of p-JNK1, p-JNK2 and JNK1, JNK2 in the hippocampus. (**E**) ODs indicative of JNK1 protein expression. (**F**) ODs indicative of p-JNK1 protein expression. (**G**) ODs indicative of JNK2 protein expression. (**H**) ODs indicative of p-JNK2 protein expression. (**I**) Protein expression of p-p38 MAPK and p38 MAPK in the hippocampus. (**J**) ODs indicative of p38 MAPK protein expression. (**K**) ODs indicative of p-p38 MAPK protein expression OD values of p-ERK1/2, ERK1/2, p-JNK1, p-JNK2, JNK1, JNK2, p-p38 MAPK, and p38 MAPK expression in each group are quantified and analyzed from the WB results. Values are expressed as mean±SEM, n=5 per group. Significant differences between two groups are indicated as \**P*\<0.05 and \*\**P*\<0.01. M-QKF, middle-dose QKF group.\
**Abbreviations:** QKF, qingxin kaiqiao fang; WB, Western blot; SEM, standard error of the mean.](dddt-13-459Fig4){#f4-dddt-13-459}

###### 

M-QKF alleviate neuronal apoptosis by activating ERK1/2.

**Notes:** (**A**) Representative path tracking in the navigation tests with hidden platform. (**B**) Representative path tracking in the probe tests without hidden platform. (**C**) Average latencies curve of four trials per day in the four consecutive days. (**D**) Escape latency of each group was quantified and analyzed. (**E**) The average times that the mice crossed platform location in 60 seconds. (**F**) The percentage of searching time that the mice of individual groups spent in the target quadrant where the platform has been located in days 1--4. (**G**) Protein expression of Bax, Bcl-2, and caspase-3 in the hippocampus. (**H**) Protein expression of p-ERK1/2 and ERK1/2 in the hippocampus. (**I**) ODs indicative of Bax, Bcl-2, and caspase-3 protein expression. (**J**) ODs indicative of p-ERK1/2 and ERK1/2 protein expression. (**K**) Levels of cleaved caspase-3 in mice brain were determined by an ELISA assay. Values are expressed as mean±SEM, n=5 per group. Significant differences between two groups are indicated as \**P*\<0.05 and \*\**P*\<0.01. M-QKF, middle-dose QKF group.

**Abbreviations:** QKF, qingxin kaiqiao fang; SEM, standard error of the mean; DMSO, dimethyl sulfoxide.
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###### 

M-QKF alleviates neuronal apoptosis by inhibiting p38 MAPK.

**Notes:** (**A**) Representative path tracking in the navigation tests with hidden platform. (**B**) Representative path tracking in the probe tests without hidden platform. (**C**) Average latencies curve of four trials per day in the four consecutive days. (**D**) Escape latency of each group were quantified and analyzed. (**E**) The average times that the mice crossed platform location in 60 seconds. (**F**) The percentage of searching time that the mice of individual groups spent in the target quadrant where the platform has been located in days 1--4. (**G**) Protein expression of Bax, Bcl-2, and caspase-3 in the hippocampus. (**H**) Protein expression of p-p38 MAPK and p38 MAPK in the hippocampus. (**I**) ODs indicative of Bax, Bcl-2, and caspase-3 protein expression. (**J**) ODs indicative of p-p38 MAPK and p38 MAPK protein expression. (**K**) Levels of cleaved caspase-3 in mice brain were determined by an ELISA assay. Values are expressed as the mean±SEM, n=5 per group. Significant differences between two groups are indicated as \**P*\<0.05 and \*\**P*\<0.01. M-QKF, middle-dose QKF group.

**Abbreviations:** QKF, qingxin kaiqiao fang; SEM, standard error of the mean.

![](dddt-13-459Fig6)

![](dddt-13-459Fig6a)
